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Introduction

Abstract

Heart failure (HF) is a leading cause of mortality among patients with cardiovascular disease and
is often associated with myocardial apoptosis and endoplasmic reticulum stress (ERS). While
hydrogen has demonstrated potential in reducing oxidative stress and ERS, recent evidence
suggests that magnesium may aid in hydrogen release within the body, further enhancing these
protective effects. This study aimed to investigate the cardioprotective effects of magnesium
in reducing apoptosis and ERS through hydrogen release in a rat model of isoproterenol (ISO)-
induced HF. Magnesium was administered orally to ISO-induced HF rats, which improved
cardiac function, reduced myocardial fibrosis and cardiac hypertrophy, and lowered the plasma
levels of creatine kinase-MB, cardiac troponin-I, and N-terminal B-type natriuretic peptide
precursor in ISO-induced HF rats. It also inhibited cardiomyocyte apoptosis by upregulating B-cell
lymphoma-2, downregulating Bcl-2-associated X protein, and suppressing ERS markers (glucose-
related protein 78, activating transcription factor 4, and C/EBP-homologous protein). Magnesium
also elevated hydrogen levels in blood, plasma, and cardiac tissue, as well as in artificial gastric
juice and pure water, where hydrogen release lasted for at least four hours. Additionally,
complementary in vitro experiments were conducted using H9C2 cardiomyocyte injury models,
with hydrogen-rich culture medium as the intervention. Hydrogen-rich culture medium
improved the survival and proliferation of ISO-treated H9C2 cells, reduced the cell surface area,
inhibited apoptosis, and downregulated ERS pathway proteins. However, the protective effects
of hydrogen were negated by tunicamycin (an inducer of ERS) in H9C2 cells. In conclusion,
magnesium exerts significant cardioprotection by mitigating ERS and apoptosis through hydrogen
release effects in ISO-induced HF.
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synthesis, folding, transport, lipid synthesis, and calcium storage.”

Heart failure (HF) is a condition characterized by impaired heart
contraction and relaxation, leading to reduced cardiac output and
the body’s inability to meet its physiological needs. As the end stage
of many cardiovascular diseases, HF remains a leading cause of death
worldwide and is often triggered by conditions such as myocarditis,
arrhythmia, acute myocardial infarction, and hypertension.”” A
prolonged reduction in heart function disrupts both the sympathetic
and humoral systems, leading to myocardial cell apoptosis,
hypertrophy, and fibrosis, all of which contribute to HF progression.>
Despite advancements in pharmacological treatments, such as
B-adrenergic receptor antagonists and angiotensin-converting
enzyme inhibitors, as well as device therapies, the incidence and
mortality rates of HF remain high,> with epidemiological surveys
indicating that 50% of HF patients die within 5 years.®” These findings
underscore the pressing need for therapeutic strategies targeting the
underlying molecular mechanisms of HFs.

The pathogenesis of HF involves several complex molecular
pathways, including apoptosis,® oxidative stress, endoplasmic
reticulum (ER) stress (ERS),’ and inflammatory responses.’®™* The
ER, the largest organelle in eukaryotic cells, is essential for protein

In HF, prolonged hypoxia, inflammation, and calcium imbalances
disrupt protein folding, leading to ERS.™ Cells activate unfolded
protein responses to counteract ERS, attempting to restore ER
homeostasis. Short-term ERS is beneficial as it signals the nucleus to
reduce the number of misfolded proteins within the ER, stabilizing
protein folding functions.”" This adaptive mechanism is governed
by three key ER transmembrane proteins: inositol-requiring enzyme
la, protein kinase RNA-like endoplasmic reticulum kinase (PERK),
and activating transcription factor 6 (ATF6)."® Upon activation, PERK
phosphorylates eukaryotic translation initiation factor 2a (elF2a),
reducing protein synthesis to alleviate ER folding pressure.” However,
prolonged ERS shifts from protective to detrimental. Excessive
activation of p-elF2a enhances the nuclear translocation of activating
transcription factor 4 (ATF4), which upregulates C/EBP-homologous
protein (CHOP), initiating apoptosis through the Bcl-2 and caspase
gene families and resulting in the gradual loss of myocardial cells
and HF progression.’®” New evidence highlights the pivotal role of
ERS in cardiovascular diseases. Research, such as that by Chen et
al.”* showed that ERS inhibition can reduce myocardial ischemia—
reperfusion injury in rats and that similar mechanisms contribute
to diabetic cardiomyopathy.”” Given that ERS is linked to myocardial
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hypertrophy and HF via the PERK/elF2a/ATF4/CHOP pathway,” it
represents a promising target for HF intervention.

Hydrogen, a colorless and odorless gas,”* has emerged as a potential
therapeutic agent.” First identified as protective in brain ischemia—
reperfusion injury in 2007,”® hydrogen has since shown benefits
across a range of conditions, including acute renal injury, cancer,
atherosclerosis, diabetes, and nervous system diseases.”’”*® These
protective effects are primarily attributed to its antioxidant and anti-
inflammatory properties,”*! along with its ability to inhibit ERS and
prevent apoptosis.**** Current hydrogen therapies include hydrogen-
rich salt water (HRW),*** hydrogen-rich nanobubble water,* and
hydrogen—oxygen ventilators.”’” Among these, HRW has been
particularly effective in reducing ERS and cell apoptosis in liver injury
models.” Due to its high diffusibility, hydrogen can readily penetrate
cell membranes, reaching key organelles to counter cellular stress.®
Recently, magnesium-based hydrogen generators, which release
hydrogen upon contact with water, have been explored for potential
health applications. These generators have shown potential in
improving conditions such as rheumatoid arthritis and osteoporotic
bone.***" However, the potential protective effects of magnesium
on HF through hydrogen release remain unclear. In this study, we
hypothesized that magnesium may alleviate HF via hydrogen release,
which in turn reduces ERS and apoptosis. To test this hypothesis, we
aimed to investigate the cardioprotective effects of magnesium and
explore the mechanism linking hydrogen release, ERS, and apoptosis
in a rat model of isoproterenol (1SO)-induced HF.

Materials and Methods

Preparation of HRW and hydrogen-rich culture media

HRW and hydrogen-rich culture medium (HRM) were prepared by
dissolving hydrogen in physiological saline or high-glucose Dulbecco’s
modified Eagle medium (DMEM) using a high-purity hydrogen
generator (HA300, Anjian Technology, Beijing, China) at 0.4 MPa for
4 hours. This produced a hydrogen concentration of at least 0.6 mM,
as verified by a hydrogen microsensor (H2-MR-311173, Unisense,
Aalborg, Denmark).**** Fresh batches of HRW and HRM were
prepared weekly, with diluted concentrations obtained by adjusting
the saturated medium.

Animal models and treatments

To eliminate the potential impact of sex on the experiment, we
used male rats as the experimental subjects. Healthy male Sprague—
Dawley rats (weighing 200-220 g) were sourced from Jinan Pengyue
Experimental Animal Breeding Co., Ltd. (Jinan, China, license
No. SCXY (Lu) 2022 0006). They were housed under controlled
conditions: 22 + 2°C temperature, 45—-60% humidity, and a 12-hour
light/dark cycle, with unrestricted access to standard chow and clean
water. Our experiment was approved by the Animal Care Ethics
Committee of Shandong First Medical University (approval number
W202303020121; dated March 3, 2023). All experiments were
designed and reported according to the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines.*

After a 1-week acclimation period, the rats were randomly divided
into nine groups (n = 5 per group): control, magnesium, 1SO, 1SO
+ Mg, ISO + magnesium chloride (MgCl,), and ISO + HRW. Mg
(10 mg/kg/d, Hebi Granda Magnesium Industry Co., Ltd., Hebi,
China, Cat# 441010) and MgCl, (85 mg/kg/d, Solarbio, Beijing, China,
Cat#t M8161) were administered by gavage for 28 days, whereas
the control and I1SO groups received an equal volume (5 mL/kg)
of physiological saline orally. HRW (10 mL/kg/d) was injected
intraperitoneally for 14 days. From day 2, the above treatments
were administered 1 hour before the subcutaneous injection of
physiological saline (2 mL/kg) for the control and Mg groups and
ISO (10 mg/kg/day, Sigma, St. Louis, Missouri, USA, Cat# 15627)
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for the other groups for 14 days. Figure 1A shows a schematic
representation of the animal experimentation protocol.

At the end of 4 weeks, cardiac function was evaluated using
echocardiography. The rats were anesthetized through an
intraperitoneal injection of pentobarbital sodium (60 mg/kg, Sigma,
Cat#t 170108), and blood samples were collected from the inferior vena
cava. Fresh blood was anticoagulated with heparin and centrifuged
at 1000 x g for 15 minutes at 4°C to obtain plasma. The hearts were
then excised, with samples either fixed in 4% paraformaldehyde for
histopathological examination or snap-frozen for biochemical analysis.

Echocardiography measurement

After 4 weeks of treatment, the rats were anesthetized via inhalation
of 2% isoflurane (RWD Life Science Co., Ltd., Shenzhen, China), and
cardiac function was evaluated using a high-resolution ultrasound
imaging system for small animals (Vevo 3100LT, Visual Sonics Inc.,
Tokyo, Japan). The key parameters measured included left ventricular
end-systolic diameter (LVESD), left ventricular end-diastolic diameter
(LVEDD), left ventricular end-systolic volume (LVESV), left ventricular
end-diastolic volume (LVEDV), ejection fraction (EF), and fractional
shortening (FS), all in M-mode. For each rat, the data were averaged
across three cardiac cycles to ensure accuracy.

Histological analysis

Heart tissue samples were fixed in 4% paraformaldehyde, rinsed
in running water for 24 hours, and dehydrated through an ethanol
series of ascending concentrations. The samples were then cleared
with xylene and embedded in paraffin. Sections (4 um in thickness)
were prepared and stained with hematoxylin-eosin (Cat# G1120,
Solarbio) and Masson’s trichrome stain (Cat# G1346, Solarbio)
according to the manufacturer’s instructions. Stained sections were
examined using a digital pathology scanning system (Pannoramic
Scan, 3DHISTECH, Budapest, Hungary).

Plasma biochemical analysis

The plasma levels of creatine kinase (CK-MB), cardiac troponin
(cTn-1), and N-terminal B-type natriuretic peptide precursor (NT-
proBNP) were detected using enzyme-linked immunosorbent assay
kit (Shanghai Yuanju Biotechnology, Shanghai, China) following the
manufacturer’s instructions.

Cell culture and treatment

HIC2 cells (Cat# CL-0089, RRID: CVCL_0286) from Procell Life Science
& Technology Co., Ltd. (Wuhan, China) were cultured in high-glucose
DMEM supplemented with 10% fetal bovine serum and 1% penicillin—
streptomycin. The medium was changed every 3 days, and the cells
were maintained at 37°C with 5% CO; until they reached 80-90%
confluence. The experimental groups included the following: control:
HI9C2 cells were consistently cultured in DMEM complete medium;
ISO: after H9C2 cells were cultured in DMEM complete medium for
24 hours, they were incubated with ISO (25 pg/mL) for 24 hours, then
washed three times with phosphate buffered saline (PBS) and cultured
in fresh medium for 12 hours; ISO + HRM (15, 50, 150 uM): after H9C2
cells were pretreated with 15, 50, or 150 uM HRM for 24 hours, they
were washed with PBS three times, incubated with I1SO (25 ug/mL) for
24 hours, again washed with PBS three times, and cultured in fresh
medium for 12 hours; and ISO + 150 uM HRM + tunicamycin: after
HIC2 cells were pretreated with 150 uM HRM for 24 hours, they were
washed three times with PBS, incubated with 1SO (25 pg/mL) for 24
hours, again washed three times with PBS, and treated with 5 pug/mL
tunicamycin (dissolved in dimethyl sulfoxide, Cell Signaling, Danvers,
MA, USA, Cat#t CL-12819S) for 12 hours. Except for the I1SO + 150 uM
HRM + tunicamycin group, the remaining groups were treated with
2 plL of dimethyl sulfoxide for 12 hours. Figure 1B illustrates the
procedural flowchart for the cellular experiment.
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(A) Animal experiment flowchart. The purple area represents the time during which the magnesium, MgCl,, and HRW treatments were administered, and
the blue area represents the period during which ISO subcutaneous injection induced HF. (B) Flowchart of the cell experiment. The purple area represents
pretreatment with HRM for 24 hours, the blue area represents ISO treatment for 24 hours, and the yellow area represents treatment with tunicamycin for 12
hours. CCK-8: Cell Counting Kit-8; EdU: 5-ethynyl-2'-deoxyuridine; HRM: hydrogen-rich culture medium; HRW: hydrogen-rich saltwater; I1SO: isoproterenol;

MgCl,: magnesium chloride; Tm: tunicamycin; WGA: wheat germ agglutinin.

Wheat germ agglutinin staining

For cardiac tissue staining, the sections were dewaxed, rehydrated,
and incubated with wheat germ agglutinin (10 mg/mL, Cat# W1126,
Invitrogen, Carlsbad, CA, USA) for 30 minutes in the dark. The slides
were then washed three times with PBS and sealed with antifade
mounting medium before being observed under a fluorescence
microscope (DM4000B, Leica, Wetzlar, Germany).

For H9C2 cell staining, drug-treated cells were washed twice with
fresh culture medium and fixed with immunostaining fixative (Cat#
p0098, Beyotime, Shanghai, China) for 30 minutes. Afterward, they
were incubated with wheat germ agglutinin reaction solution at
room temperature for 25 minutes in the dark, counterstained with
4’ 6-diamidino-2-phenylindole, and observed under a fluorescence
microscope.

Terminal dUTP nick end labeling

Apoptosis in cardiac tissue was assessed using a one-step terminal
dUTP nick end labeling (TUNEL) cell apoptosis detection kit (Cat#
C1088, Beyotime). Heart tissues embedded in paraffin were
sectioned into 4 um slices. Following dewaxing and rehydration, the
sections were incubated with TUNEL reaction solution at 37°C in the
dark for 1 hour. After incubation, the sections were rinsed with PBS,
sealed with antifade mounting medium containing 4’,6-diamidino-2-
phenylindole, and examined under a fluorescence microscope.

For the cell-based experiments, the drug-treated cells were
first rinsed twice with fresh culture medium and then fixed with
immunostaining fixative for 30 minutes. The cells were subsequently
processed in the same manner as those in the cardiac tissue sections.

Detection of hydrogen and Mg”* concentrations

Hydrogen levels in the blood, plasma, artificial gastric juice, pure
water, and cardiac tissue homogenate were measured using a
hydrogen microsensor (H2-MR-311173, Unisense, Aalborg, Denmark;
50 nM of the detection limit for hydrogen concentration; 0—800 umol
of the measurement range for hydrogen concentration) connected
with a pico ammeter (PA2000, Unisense).**’

For the in vitro hydrogen release experiments, 1 mL of artificial
gastric juice (1.64% hydrochloric acid, 1% gastric protease, pH 1.3) or
pure water was mixed with different magnesium masses (0.01, 0.03,
0.1, 0.3, or 1 mg) in a microrespiration chamber at 37°C. A rotor was
added, and the speed was adjusted to 600 r/min. The microsensor
was inserted into the microrespiration chamber through the cap
hole to detect the hydrogen concentration. When the hydrogen
concentration in the blood was detected, 1 mL of fresh heparin-

anticoagulated blood was quickly transferred to a microrespiration
chamber, and the microsensor was used to detect the hydrogen
level. The plasma was prepared via centrifugation of sealed heparin-
anticoagulated blood. Cardiac homogenate was obtained after fresh
cardiac tissue was homogenized with physiological saline (mass-
to-volume ratio of 100 mg/mL). Then, the plasma and cardiac
homogenate were quickly added into a microrespiration chamber,
and hydrogen levels were detected using the abovementioned
method.

Additionally, plasma Mg”" levels were measured using a magnesium
jon assay kit (Cat# c005-1-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) with absorbance at 540 nm using a
microplate reader (Infinite 200 pro, TECAN, Vienna, Austria).

Cell viability assay

Cell viability was measured sing the Cell Counting Kit-8 (CCK-
8) (Cat# CT0O001-B; Sparklade, Qingdao, China) according to the
manufacturer’s instructions. H9C2 cells (8000 per well) were seeded
in 96-well plates, treated as per the experimental design, washed
twice with high-glucose DMEM, and incubated with 10 pL of CCK-
8 reagent per well at 37°C with 5% CO, for 2 hours. The absorbance
was measured at 450 nm using a microplate reader (Infinite 200 PRO,
TECAN).

5-Ethynyl-2’-deoxyuridine staining

For proliferation analysis, H9C2 cells (8000 per well) were seeded in
96-well plates and incubated for 24 hours. 5-Ethynyl-2'-deoxyuridine
(EdU) staining was conducted with a BeyoClick™ EdU cell proliferation
assay kit (Cat# C0071S, Beyotime). Following treatment, the medium
was replaced with fresh medium containing 10 uM EdU. The cells
were incubated for 2 hours, fixed with 4% paraformaldehyde for 15
minutes, washed, and stained with the reaction mixture according to
the kit instructions; then, the cells were counterstained with Hoechst
33342 and observed under a fluorescence microscope.

Western blotting

Total protein from rat heart tissue and H9C2 cells was extracted
using RIPA lysis buffer (Cat# R0010, Solarbio) containing a protein
phosphatase inhibitor (Cat# P1260, Solarbio). Protein concentrations
were determined using a bicinchoninic acid assay (Cat# PC0020;
Solarbio). Proteins were separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to polyvinylidene
fluoride membranes. The membranes were blocked with 5% skim
milk in Tris-buffered saline with Tween-20 for 4 hours at room
temperature (22 + 2°C) and then incubated overnight at 4°C with
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primary antibodies against Bcl-2 (rabbit, 1:1000, Abcam, Cambridge,
UK, Cat# ab196495, RRID: AB_2924862), Bax (rabbit, 1:1000, Abcam,
Cat# ab32503, RRID: AB_725631), glucose-related protein78 (GRP78;
rabbit, 1:1000, Abcam, Cat# ab108613, RRID: AB_10859806), ATF4
(rabbit, 1:1000, Abcam, Cat# ab216839, RRID: AB_3676365), cardiac
troponin | (cTn-I; rabbit, 1:1000, Abcam, Cat# ab209809, RRID:
AB_2890981), phosphorylated cTn-I (p-cTn-I; rabbit, 1:1000, Abcam,
Cat# ab190697, RRID: AB_3676364), CHOP (mouse, 1:1000, Cell
Signaling, Cat# 2895, RRID: AB_2089254) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; rabbit, 1:10,000, Abcam, Cat#
ab181602, RRID: AB_2630358).The membranes were then washed
and incubated for 1 hour at 22 + 2°C with secondary antibodies
of goat anti-rabbit 1gG (1:3000, Servicebio, Wuhan, China, Cat#
GB23301, RRID: AB_2904020) or goat anti-mouse IgG (1:3000,
Servicebio, Cat# GB23303, RRID: AB_2811189) and visualized via
an enhanced chemiluminescence (ECL) reagent (Cat#1810202,
Clinx, Shanghai, China) and a chemiluminescence imaging system
(Amersham imager 600, Tanon, Shanghai, China). Band intensity was
quantified via ImageJ-win64 software (National Institutes of Health,
Bethesda, MD, USA).*

Statistical analysis

The sample size calculation for in vivo experiments was performed as
follows: Based on the study design and groupings, one-way analysis
of variance was chosen as the statistical test. After the significance
level and statistical power were set, the effect size and within-group
variability were estimated from our pilot experiments. Using these
estimates, we then calculated the minimum required sample size.
The evaluators were blinded to the groupings, with the exception
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of the first and corresponding authors. The experiment was
conducted in three separate batches, with the sample size ultimately
maintained. In total, two rats died in both the ISO and ISO + MgCl,
(85 mg/kg) groups, whereas one rat died in each of the ISO + Mg
(0.3 mg/kg), ISO + Mg (3 mg/kg), and ISO + HRW (10 mL/kg) groups.

The data are presented as the mean + standard error of the mean
(SEM). For the in vitro hydrogen release experiment, two-way
analysis of variance was used to analyze differences among groups
at various time points. Other group differences were analyzed using
one-way analysis of variance followed by Tukey’s post hoc test for
multiple comparisons, and correlation analysis of two variables was
conducted via linear regression, with statistical significance set at P
< 0.05. Analyses were performed with GraphPad Software (version
8.4.0; GraphPad Software, San Diego, CA, USA; www.graphpad.com).

Results

Magnesium improves cardiac function in 1ISO-induced HF model
rats

Using echocardiography, we assessed the cardioprotective effects
of magnesium in HF models. Key measures, including EF, FS, LVEDV,
LVESV, LVEDD, and LVESD, were evaluated to track cardiac function.
Compared with the control group, the heart failure model (ISO) group
presented significant reductions in EF and FS, alongside notable
increases in LVEDV, LVESV, LVEDD, and LVESD, indicating impaired
cardiac function. Treatment with magnesium and HRW notably
improved these parameters, as EF and FS increased, whereas LVEDD,
LVESD, LVESV, and LVEDV decreased (Figure 2A-G). In contrast, MgCl,
treatment had no significant effect on cardiac function.

Figure 2 | Magnesium ameliorates
cardiac function in 1SO-induced heart
failure in rats.
(A) Representative echocardiographic
images. Rats in the ISO group exhibited
cardiac dysfunction, whereas treatment
with magnesium and HRW significantly
improved cardiac function. (B—G) Changes in
LVESD (B), LVEDD (C), LVESV (D), LVEDV (E),
EF (F), and FS (G) from echocardiographic
measurements. The data are expressed
as the mean + SEM (n = 5). **P < 0.01,
vs. the control group; #P < 0.05, ##P <
0.01, vs. the ISO group (one-way analysis
of variance followed by Tukey’s post hoc
test). EF: Ejection fraction; FS: functional
shortening; HRW: hydrogen-rich saltwater;
ISO: isoproterenol; LVEDD: left ventricular
end-diastolic diameter; LVESD: left
ventricular end-systolic diameter; LVEDV:
left ventricular end-diastolic volume; LVESV:
left ventricular end-systolic volume; Mg:
o&"\&s‘s’\@os‘@g\@@*‘}&@g\@@o‘@ magnesium; MgCl,: magnesium chloride.
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Magnesium reduces myocardial hypertrophy and fibrosis in 1ISO-
induced HF rats

Histopathological analysis further revealed the impact of magnesium
on cardiac tissue. Myocardial hypertrophy, a hallmark of heart
failure,” was measured via wheat germ agglutinin staining, which
revealed significant enlargement of myocardial cells in the model
group. Magnesium and HRW effectively reduced the cell size,
whereas MgCl, had no effect (Figure 3A and B).

Furthermore, magnesium and HRW reduced the HW/BW, LVW/BW,
and LVW/TL ratios (Figure 3C-E), further confirming the reduction
in hypertrophy. Hematoxylin—eosin staining revealed inflammatory
cell infiltration and disordered arrangement of myocardial cells in
the heart tissue of ISO-treated rats. Magnesium and HRM alleviated
this damage to varying degrees (Figure 3F). Masson staining revealed
increased collagen deposition (fibrosis) in the ISO-treated rats, which
was also reduced with magnesium and HRW treatments (Figure
3G and H). Additionally, the levels of plasma myocardial damage
markers (CK-MB, cTn-I, and NT-proBNP) were significantly decreased
by magnesium and HRW but remained unaffected by MgCl, (Figure
31-K). In addition, western blot was used to measure the levels of
p-cTn-1 in cardiac tissue and demonstrated that magnesium and
HRM significantly decreased the levels of p-cTn-I (Figure 3L and M).
These results support the tissue-protective role of magnesium, unlike
MgCl,.

Magnesium inhibits apoptosis and ERS in I1SO-induced HF rats

To assess cardiac cell apoptosis, TUNEL staining was performed.
Compared with the control group, the HF model group presented
a marked increase in myocardial cell apoptosis. However,
treatment with magnesium and HRW significantly reduced
apoptosis, whereas MgCl, had no noticeable effect (Figure 4A
and B). Western blot analysis was used to further investigate the
levels of apoptosis-related proteins. In the ISO-induced group,
there was an increase in the protein expression of Bax and a
decrease in the protein expression of Bcl-2, both of which are
key markers of apoptosis.®” Treatment with magnesium and HRW
inhibited Bax protein expression while promoting Bcl-2 protein
expression, effectively mitigating apoptosis (Figure 4C—E). The
ERS was subsequently evaluated. In ISO-induced HF rats, ERS
markers—GRP78, ATF4, and CHOP—were significantly elevated.
Magnesium and HRW treatment markedly reduced the expression
of these stress markers, whereas MgCl, had no such effect (Figure
4F-1). These findings suggest that magnesium treatments help
alleviate apoptosis and ER stress, highlighting their potential
cardioprotective effects.

Magnesium releases hydrogen in vitro and in vivo, which is
correlated with HF parameters

To determine whether magnesium can release hydrogen in the
stomach when delivered via the gastrointestinal tract, we measured
hydrogen concentrations following the introduction of magnesium
into artificial gastric juice and pure water. Our results revealed that
hydrogen levels were significantly higher in both groups than in
the control group, with elevated concentrations persisting for over
four hours (Figure 5A and B). To further explore the potential of
magnesium for in vivo hydrogen release, we measured hydrogen
levels in the blood, plasma, and heart tissue. Compared with ISO-
treated rats, magnesium-treated rats presented significantly higher
hydrogen concentrations in all three samples. In contrast, MgCl, did
not exhibit similar increases (Figure 5C—E). Additionally, magnesium
treatment elevated plasma Mg levels (Figure 5F), suggesting that
oral magnesium reacts with stomach acid to release hydrogen within
the body.

Linear regression analysis revealed that plasma hydrogen levels
were positively correlated with EF (r = 0.81, P < 0.01) and negatively
correlated with both the collagen volume fraction (CVF) (r=0.73, P <
0.01) and the myocardial cell cross-sectional area (MCCA) (r = 0.79,
P < 0.01) (Figure 5G-I). However, no significant correlations were
detected between plasma Mg”* levels and EF (r = 0.26, P = 0.09),
CVF (r=0.11, P = 0.17), or MCCA (r = 0.15, P = 0.33) (Figure 5J-L).
These findings indicate that the cardioprotective effects observed
in magnesium-treated, ISO-induced HF rats are more likely due to
hydrogen than Mg”*.

Hydrogen ameliorates ISO-induced damage to H9C2
cardiomyocytes

To strengthen our in vivo findings, we conducted in vitro experiments
using HRM as an intervention to assess its effects on ISO-induced
injury in H9C2 cardiomyocytes. Initially, the toxicity of HRM and
ISO on HI9C2 cells was evaluated by exposing the cells to various
concentrations of HRM (15, 50, or 150 uM) and ISO (6.25, 12.5,
or 25 pg/mL) for 24 hours, and cell viability was measured via
the CCK-8 assay. The results indicated that HRM, at all the tested
concentrations, did not significantly affect cell viability (Figure 6A).
However, 1SO (12.5 and 25 pg/mL) significantly reduced cell survival
(Figure 6B), leading us to select the higher concentration of 25 pg/mL
ISO for subsequent experiments to model H9C2 cardiomyocyte
injury.

Further analysis demonstrated that pretreatment with HRM
markedly improved the viability of ISO-treated H9C2 cells in a
dose-dependent manner (Figure 6C). Additionally, EAU staining
revealed that, compared with the control, ISO treatment
substantially inhibited H9C2 cell proliferation, whereas HRM
pretreatment significantly restored the proliferative capacity
(Figure 6D and E). HRM also reduced the surface area of I1SO-
treated cells, indicating a protective effect against hypertrophy
(Figure 6F and G). Collectively, these findings suggest that HRM
mitigates ISO-induced damage to and hypertrophy in H9C2
cardiomyocytes.

Hydrogen reduced 1SO-induced apoptosis and ERS in H9C2 cells

In vitro, we investigated the effect of HRM on ISO-induced apoptosis
in H9C2 cells via TUNEL staining. ISO treatment significantly increased
apoptosis, which was notably reduced by HRM pretreatment.
However, this protective antiapoptotic effect was negated when
tunicamycin, an inducer of ERS, was introduced (Figure 7A and B).
Further analysis via western blot revealed that HRM lowered Bax
levels and enhanced Bcl-2 expression in ISO-treated cells, reinforcing
its antiapoptotic properties (Figure 7C—E). We reintroduced
tunicamycin to explore whether the antiapoptotic effect of HRM
involved ERS inhibition. Consistent with previous findings, Western
blot analysis revealed that HRM markedly reduced the expression of
the ERS-related proteins GRP78, ATF4, and CHOP in ISO-treated H9C2
cells. However, this effect was reversed by tunicamycin (Figure 7F-I).
These results suggest that HRM alleviates 1SO-induced apoptosis by
suppressing ERS.

Discussion

This study demonstrated that magnesium, acting as a hydrogen
donor, substantially enhances cardiac function in rats with ISO-
induced HF, as evidenced by reduced plasma levels of CK-MB, cTn-I,
and NT-proBNP, along with decreased cardiomyocyte hypertrophy
and fibrosis. Consistent with these in vivo findings, in vitro studies on
ISO-induced HI9C2 cardiomyocytes revealed that hydrogen improves
cell survival and proliferation, reduces cell size, and inhibits apoptosis
by suppressing ERS.
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Figure 3 | Magnesium alleviates myocardial hypertrophy and fibrosis in ISO-induced heart failure in rats.

(A) Representative WGA staining of heart tissues. ISO group rats showed significant enlargement of myocardial cells, and magnesium and HRW effectively reduced the cell
size. Scale bar: 20 um. (B) Myocardial cell cross-sectional area. (C—E) Ratios of HW/BW (C), LVW/BW (D), and LVW/TL (E). (F) Representative HE staining of heart tissues
(n = 3). Inflammatory cell infiltration and disordered arrangement of myocardial cells were observed in the heart tissue of ISO group rats, and magnesium and HRM
alleviated this damage. Scale bar: 100 um. (G) Representative Masson staining of heart tissues, where blue indicates collagen. Collagen deposition in the myocardium
of ISO-treated rats significantly increased, but it was also reduced with magnesium and HRW treatments. Scale bar: 100 um. (H) Quantification of myocardial fibrosis
areas. (I-K) Plasma levels of CK-MB (1), cTn-I (J), and NT-proBNP (K). (L) Immunoblots of p-cTn-l and cTn-I proteins. (M) Quantification of p-cTn-I/cTn-I (n = 3). The data are
expressed as the mean + SEM (n = 5). **P < 0.01, vs. the control group; #P < 0.05, ##P < 0.01, vs. the ISO group (one-way analysis of variance followed by Tukey’s post
hoc test). BW: Body weight; CK-MB: creatine kinase-MB; cTn-I: cardiac troponin-I; CVF: collagen volume fraction; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
HE: hematoxylin-eosin; HRW: hydrogen-rich saltwater; HW: heart weight; ISO: isoproterenol; LVW: left ventricular weight; MCCA: myocardial cell cross-sectional area;
Mg: magnesium; MgCl,: magnesium chloride; NT-proBNP: N-terminal B-type natriuretic peptide precursor; p-cTn-I: phosphorylated cardiac troponin-I; TL: tibial length;
WGA: wheat germ agglutinin.

464 | MEDICAL GAS RESEARCH | Vol 15 | No. 4 | December 2025



Research Article

MEDICAL GAS RESEARCH
www.medgasres.com

1SO+Mg (0.3mgkg)  1SO+Mg (1 mgkg)

DAPI TUNEL

C D
Bax [ w GID G - - = 1 21kDa =
o
52 | EDED - e - o> o a» | 0: g
=i g
F
capoy | DD D S w s e @@ | 02 .
1SO(mgkg) - - + + + o+ s PO
Mg (mg/kg) - - 03 1 310 - -
MgCl; (mgikg) - - - - - - - & -
HRW (mL/kg) - - - - - 10
F G
GRPTS | e e (D D G @~ @ = | 78 kDa
x
o
ATFs | - D e @ > = D = | 3o D2 %
—— g
cror | w s dDEED o - o @ e | 702§
— :
GAPDH | D D . A . A A S | 35 kDa
1SO (mg/kg) - - + + + + + + +
Mg (mg'kg) 0 - - 03 1 310 - -
MgCl; (mgikg) - - - - - - - s -
HRW(mLkg) - - - - - - - - 10

150+Mg (3 mgikg)

1SO+Mg (10mg/kg)  1SO+MgCl; (85 mg/kg) 1SO+HRM (10 mL/kg)

TUNEL positive cells (%)

Bcl-2/GAPDH

O
& S & & S SO
SR SISO A SR AN
ORI JRCIRCS PSRN N NOTORYIIIAN
¥ e e & A O IO
S ELES O RF S FLF K
A \60 @ A \\(go &

@

CHOP/GAPDH

Figure 4 | Magnesium suppresses apoptosis and ERS in 1ISO-induced heart failure in rats.

(A) TUNEL staining (green) of heart tissues counterstained with DAPI (blue) (n = 5). The ISO group presented a significant increase in myocardial cell apoptosis,
which was markedly reduced with magnesium and HRW treatments. Scale bar: 100 um. (B) Percentage of TUNEL-positive cells. (C) Immunoblots of the Bax and
Bcl-2 proteins. (D, E) Quantification of Bax (D) and Bcl-2 (E) expression. (F) Immunoblots of GRP78, ATF4, and CHOP. (G—I) Quantification of GRP78 (G), ATF4 (H),
and CHOP (l) protein expression. The data are expressed as the mean = SEM (n = 3). *P < 0.05, **P < 0.01, vs. the control group; #P < 0.05, ##P < 0.01, vs. the
ISO group (one-way analysis of variance followed by Tukey’s post hoc test). ATF4: Activating transcription factor 4; Bax: Bcl-2 associated X protein; Bcl-2: B-cell
lymphoma-2; CHOP: C/EBP-homologous protein; DAPI: 4’,6-diamidino-2-phenylindole; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GRP78: glucose-
related protein78; HRW: hydrogen-rich saltwater; ISO: isoproterenol; Mg: magnesium; MgCl,: magnesium chloride; TUNEL: terminal dUTP nick end labeling.

ISO, a B-adrenergic receptor agonist,” initially increases heart
rate and myocardial contractility. However, long-term B-receptor
activation can lead to the transformation of myocardial fibroblasts
into myofibroblasts, increased production of extracellular matrix
(such as collagen), and the development of myocardial fibrosis.>
The mechanism underlying I1SO-induced cardiac injury is also
linked to its elevation of oxygen-free radicals.” Oxidative stress has
been recognized as a key trigger for myocardial hypertrophy, and
prolonged pathological hypertrophy typically leads to a decline
in cardiac contractile function.*® Additionally, oxidative stress
can induce cell apoptosis through various pathways, including
inflammatory responses. Together, these factors push the heart
from a compensatory state to a decompensated state, contributing
to the progression of HF.>’ In the ISO-induced HF model, biomarkers
such as cTn and NT-proBNP are elevated,”® reflecting the
pathological processes observed in human HF.**®" Biomarkers such
as CK-MB, cTn-I, and NT-proBNP are well-established indicators of
HF.*** Prior studies have successfully induced HF in rats through
subcutaneous ISO injection, resulting in impaired cardiac function,
increased collagen synthesis, and cardiomyocyte hypertrophy.®*®®
Our study revealed similar significant cardiac dysfunction and
elevated myocardial damage, hypertrophy, and fibrosis markers,

validating our HF model.

Using this ISO-induced HF model, we found that magnesium
treatment markedly improved cardiac function, reduced myocardial
hypertrophy and fibrosis, and lowered plasma biomarker
levels, confirming its cardioprotective effects. Given that orally
administered magnesium reacts with stomach acid and water in the
digestive tract to release both Mg and hydrogen,®” we sought to
determine whether these cardioprotective effects of magnesium
were attributable to Mg”* or hydrogen. We administered MgCl,
at a dose (85 mg/kg) equivalent to the amount of Mg** released
by the highest dose of magnesium (10 mg/kg), which did not
improve heart function, fibrosis, hypertrophy, or biomarker levels.
Although Mg”" has proven beneficial for certain cardiac conditions,
such as arrhythmia,®® ischemia—reperfusion injury,*® and diabetic
cardiomyopathy,’® clinical studies have shown no correlation
between Mg”* levels and HF outcomes.”* Additionally, intravenous
injection of Mg”* does not affect HFs in clinical settings,”” which aligns
with our findings. Moreover, our studies revealed that plasma Mg”*
levels did not correlate with EF, CVF, or MCCA. These findings suggest
that Mg”" is not the primary driver of magnesium’s protective effect
against HF.

MEDICAL GAS RESEARCH | Vol 15 | No. 4 | December 2025 | 465



MEDICAL GAS RESEARCH
www.medgasres.com

Research Article

A B
150 200
—— Control —— Control
” T 0.03 mg Mg So 0.03 mg Mg
5 c = 150
£ 2100 o o> . . 0.01 mg Mg % 2 - 0.01mg Mg
T8 / 4 = e Sp—— —— 0.1mgMg s 2 —— 0.1mg Mg
R / £ 2 100
w3 / 0.3 mg Mg 3L 0.3 mg Mg
e 504 - S — 3% - 1mgM
2 v/ . & g =8 50+ e
//\m,,; _ . Ea
T = T T 1) 7—| v T T 1
0 60 120 180 240 60 120 180 240
Time (min) Time (min)
C D E F
# #
#it ns
20 2 0.8
s 15 Z 45 S 06
3 32 £ sE
> -3
:.;‘é Sg0 £810 SEoa
T _g T E' =38 g%
& £ 5 T s £02
8
[ 0 0
> & S & B O O & NP N N
S L @SS E @ ¢ S &P & OO @
<,-°‘\:a<°9 \@6‘{@&:&“&:@9\:@&@@& < e \’Z@é*"éé @é‘.“\é:‘@:&& °°°\«
O Q7 o\ N N @\ \ ORI Q Q
SO0 o ) OSSR 3
S FES S NS S S E
& € \e»° ) & ¥ ¢ \fa\r’ox \'vo
G H |
90 600
50 r=-0.7305 r=-0.7880
% P<0.01 P<0.01
40 =
_ E 400
g0 _ 0 S
0 < 8
L 20 2 200
50 © 10
403 ) ) T J vJ 13 14 15 16 L. T T T J
12 13 14 15 16 10 M lovel n o " 12 13 14 15 16
H, level in plasma (uM) 2 level in plasma (WM) H, level in plasma (uM)
J K L
90 r=0.2587 50 r=-0.1092 600 -
. D I P =0.0861 P=0.1679 Sip ot
. X . s o . P =0.3299
80 e e ° F) 40 . o8 % " °®
e & o o e L e *
—_ -1 L]
w
u 60 o o ®e° o 3 20- s 8 " .
o5, \ = 200 eg® o0 o ocodd o
50 . 10+ Y o °
44 ” %" oo, LYY . "
-y T T T 1 A\ T T T 1 T T T T 1
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Mg?* level in plasma (mM)

Mg?* level in plasma (mM)

Mg?* level in plasma (mM)

Figure 5 | Magnesium releases hydrogen in vitro and in vivo, which is correlated with heart failure parameters.

(A, B) Hydrogen is released by magnesium in artificial gastric fluid and pure water (n = 3). (C—E) Hydrogen levels in rat blood (C), plasma (D), and heart tissues
(E). (F) Plasma Mg levels. The data are expressed as the mean + SEM (n = 4-5). *P < 0.05, **P < 0.01, vs. the control group; #P < 0.05, ##P < 0.01, vs. the ISO
group (two-way analysis or one-way analysis of variance followed by Tukey’s post hoc test). (G—I) Correlations of plasma hydrogen with EF (G), CVF (H), and
MCCA (L). (J-L) Correlations of plasma Mg”" levels with EF (J), CVF (K), and MCCA (L). CVF: Collagen volume fraction; EF: ejection fraction; HRW: hydrogen-rich
saltwater; ISO: isoproterenol; MCCA: myocardial cell cross-sectional area; Mg: magnesium; MgCl,: magnesium chloride.

Since Mg”* did not account for the observed protective effect, we
hypothesized that the hydrogen released from oral magnesium might
contribute to these cardioprotective effects. To investigate this, we
measured hydrogen levels across several samples, including blood,
plasma, heart tissue, artificial gastric juice, and pure water, through
both in vivo and in vitro experiments. Our findings revealed that various
doses of magnesium increased the hydrogen concentration in these
samples, whereas MgCl, did not produce similar increases. Additionally,
we observed a strong correlation between plasma hydrogen levels
and measures of HF, such as EF, CVF, and MCCA. These findings, along
with in vivo evidence of the protective effects of hydrogen being
comparable to those of magnesium, suggest that hydrogen may be a
key factor in the cardioprotective effect of magnesium in HF.
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To explore this further, we conducted in vitro experiments using
HRM at concentrations of 15, 50, and 150 uM, selecting the
minimum HRM concentration on the basis of the average hydrogen
concentration observed in the heart tissue of rats treated with ISO
and magnesium. These trials aimed to determine whether hydrogen
released from magnesium could protect against cardiomyocyte
damage in HF. We induced injury in H9C2 cells via ISO, confirming
previous findings by Liao et al.®* and Song et al.”” in which 1SO
significantly reduced survival and proliferation while increasing the
surface area of H9C2 cardiomyocytes. We found that HRM treatment
improved the survival and proliferation of ISO-treated H9C2 cells and
reduced the cell surface area, demonstrating a clear cardioprotective
effect.
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A B C Figure 6 | Hydrogen mitigates ISO-
induced damage to H9C2 cardiomyocytes.
(A—C) CCK-8 assay showing the effects of
HRM and ISO on H9C2 cell viability. (D)
EdU (green) and Hoechst (blue) staining of
HIC2 cells (n = 6). The proliferation of cells
in the 1SO group was significantly reduced,
whereas HRW treatment increased the
proliferation of 1SO-induced H9C2 cells.
Scale bar: 100 um. (E) Quantitative
analysis of EdU incorporation. (F) WGA
staining (green) with DAPI counterstaining
(blue) (n = 3). The cells in the ISO group
exhibited hypertrophy, while HRW
treatment reduced their surface area.
= Scale bar: 20 um. (G) Quantitative analysis
of WGA staining. The data are expressed
as the mean + SEM. *P < 0.05, **P < 0.01,
vs. the control group; #P < 0.05, ##P <
0.01, vs. the I1SO group; ®®P < 0.01, vs. the
ISO + 150 uM HRM + tunicamycin group
(one-way analysis of variance followed by
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ERS plays a critical role in the progression of HF,”* as the accumulation
of misfolded proteins in the ER triggers ERS and subsequent
apoptosis.”” GRP78, a molecular chaperone, typically binds to
transmembrane proteins such as ATF6, IRE1, and PERK, keeping them
inactive under normal conditions.”® During ERS, GRP78 dissociates
from ATF6, allowing it to be transported to the Golgi apparatus,
where it is activated by S1P and S2P proteases.”” This activation of
ATF6 promotes the transcription of genes related to the unfolded
protein response, including GRP78. Moreover, IRE1 is activated
through phosphodimerization, and its endonuclease activity triggers
mMRNA splicing to produce X-box binding protein 1.”® X-box binding
protein 1 activates genes involved in ER protein folding, improving ER
function.””®

Additionally, GRP78 dissociation activates PERK, leading to the
phosphorylation of eif2a, which subsequently activates ATF4, a
transcriptional regulator involved in the upregulation of degradation
genes.®’ ATF4, in turn, promotes the expression of CHOP,** a
critical proapoptotic factor that downregulates antiapoptotic Bcl-
2 while upregulating proapoptotic Bax.*® This imbalance increases
mitochondrial membrane permeability, leading to cytochrome
C release and apoptosis.*® CHOP further promotes apoptosis by
inducing the expression of DNA damage-inducible protein 34, which
contributes to protein misfolding and the generation of reactive
oxygen species.*

The ERS-mediated apoptosis pathway is also related to the c-Jun
N-terminal (JNK) and caspase pathways.*’” Upon activation, IRE1 forms
a complex with TRAF2, which in turn activates the JNK cascade. This
cascade regulates the apoptotic signaling regulating kinase 1, leading
to the downregulation of Bcl-2 and the upregulation of Bax, further
promoting apoptosis.®** Under normal conditions, caspase-12 resides in
the ER membrane as an inactive zymogen. Stress activates caspase-12,
which translocates to the cytoplasm and activates caspase-3 through
the cleavage of caspase-9, leading to apoptosis.”® Moreover, CHOP
can directly regulate the transcription of death receptor 5, a member
of the TNF receptor family, triggering caspase-8-induced apoptosis.*
Li et al.”’showed that HRW can improve organ injury by inhibiting
multiple signaling pathways related to ERS. This complex network of
ERS-mediated pathways underscores potential therapeutic targets for
interventions aimed at mitigating apoptosis in HFs.

Next, in vitro, we focused on ERS and apoptosis and found that ISO
treatment increased the expression of GRP78, ATF4, and CHOP
in H9C2 cardiomyocytes. HRM treatment, however, significantly
reduced these levels, decreased Bax levels, and increased Bcl-
2 expression, thereby inhibiting cardiomyocyte apoptosis. These
findings were consistent across in in vivo models, as TUNEL staining
confirmed that magnesium and HRW alleviated ISO-induced
apoptosis in cardiomyocytes.

Heart failure rats

Mg : i - £

Gastrointestinal tract :

Myocardial cells
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Tunicamycin, a nucleoside antibiotic, interferes with protein
N-linked glycosylation, leading to the accumulation of misfolded
proteins in the ER and subsequently triggering ERS.” To investigate
the potential antiapoptotic effect of hydrogen through the
inhibition of ERS, we introduced the ERS inducer tunicamycin
to determine whether the protective effect of HRM on ISO-
induced ERS in cells is related to its inhibition of ERS. Previous
studies, including research by Liu et al.”* have demonstrated that
tunicamycin activates ERS, which is associated with nonalcoholic
fatty liver disease. In our study, the introduction of tunicamycin
negated the protective effects of HRM on H9C2 cardiomyocytes,
as evidenced by decreases in cell viability and proliferation.
Additionally, tunicamycin treatment resulted in the upregulation of
ERS markers and promoted cell apoptosis. These results indicate
that hydrogen plays a significant role in mitigating ERS, thereby
providing antiapoptotic benefits to cardiomyocytes. Combined with
the result of hydrogen release by magnesium, we propose that
magnesium may protect against HF in rats through hydrogen, which
exerts protective effects against ERS and apoptosis.

In conclusion, combined with the result of hydrogen release by
magnesium, we propose that magnesium enhances heart function
by releasing hydrogen, which mitigates ERS and apoptosis, offering
new insights into HF treatment (Figure 8). This protective effect
appears to be linked to the GRP78/ATF4/CHOP pathway. However,
we cannot rule out the potential involvement of other pathways,
such as the ATF6, IRE1, JNK, and caspase pathways, in mediating
these effects. These findings indicate that magnesium could
have therapeutic potential in both the prevention and treatment
of HF. Furthermore, our study suggests that magnesium and
magnesium-containing formulations may be viable candidates
for drug development in this area. Our results may lay the
foundation for further clinical exploration of the role of magnesium
in HF, which is supported by animal-based research. However,
additional studies are needed to fully evaluate the effectiveness
and safety of magnesium across various animal models and clinical
trials. We also recognize certain limitations in our study. We did
not conduct hemodynamic monitoring, nor did we investigate the
combined effect of hydrogen and Mg”". Further research is needed
to explore additional mechanisms by which hydrogen may exert
cardioprotective effects on HF. Additionally, we acknowledge that
several factors could introduce biases and confounding variables
into our research process. These factors include differences in
animal weight, variations in the cage environment, the period of
the experiment, and sample size. To improve the accuracy and
reliability of future studies, we recommend using animals of similar
weight, standardizing cage conditions, conducting experiments
within a defined and consistent timeframe, and ensuring an
adequate sample size whenever possible.

Figure 8 | The mechanism by which magnesium
releases hydrogen to ameliorate heart failure.

ATF4: Activating transcription factor4; Bax: Bcl-2
associated X protein; Bcl-2: B-cell lymphoma-2; CHOP: C/
EBP-homologous protein; eif2a: eukaryotic translation
initiation factor 2a; GRP78: glucose-related protein78;
Mg: magnesium; PERK: protein kinase RNA-like
endoplasmic reticulum kinase.
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